Recently we have shown that certain benzimidazole ribonucleosides are potent and selective inhibitors of human cytomegalovirus (HCMV) replication. Because antiviral drugs used to treat HCMV and human immunodeficiency virus (HIV) infections can suppress marrow progenitors, we have evaluated the most promising of the new benzimidazoles for their effects on human bone marrow cells in vitro. In an initial study of the bone marrow toxicity of one of the most active compounds, 100 ¹ M 2-bromo-5,6-dichloro-1-(¯-D-ribofuranosyl)-benzimidazole (BDCRB) inhibited cell proliferation by 20% over a 10 d period compared to 52% inhibition by 100 ¹ M ganciclovir, the drug currently most used to treat HCMV infections. The effects of these drugs and selected other benzimidazole nucleosides were evaluated more extensively in haemopoietic progenitor cell colony formation assays. Colony formation was determined at 2 weeks and scored as either burst forming units-erythroid (BFU-E), or colony forming units-granulocyte/macrophage (CFU-GM). At the highest concentration tested, 100 ¹ M BDCRB only moderately affected BFU-E or CFU-GM formation (31% and 47% inhibition, respectively). This concentration is 10-fold higher than that required to produce a 10 000-fold reduction in virus titre. Evaluation of the 2-chloro analog of BDCRB (TCRB) which is less potent against HCMV, its 5 0 -deoxy analog (5 0 -dTCRB) which is more potent, and the 2-unsubstituted compound (DRB) gave the following order of haemopoietic toxicity: DRB
BDCRB only moderately affected BFU-E or CFU-GM formation (31% and 47% inhibition, respectively). This concentration is 10-fold higher than that required to produce a 10 000-fold reduction in virus titre. Evaluation of the 2-chloro analog of BDCRB (TCRB) which is less potent against HCMV, its 5 0 -deoxy analog (5 0 -dTCRB) which is more potent, and the 2-unsubstituted compound (DRB) gave the following order of haemopoietic toxicity: DRB
In contrast to the benzimidazoles, ganciclovir decreased colony formation by 84% for BFU-E and 86% for CFU-GM at 100 ¹ M. These results establish that certain benzimidazole nucleosides are less toxic to haemopoietic progenitors than the preferred drug now being used clinically for HCMV infections. The results also establish that different structureactivity relationshipsexist for antiviral activity and progenitor cell toxicity, thereby suggesting that different mechanisms are involved in the two types of drug action.
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Human cytomegalovirus (HCMV) infections are frequent complications of bone marrow and solid organ transplantation and are particularly dangerous for patients with either congenital or acquired immunodeficiencies (Alford & Britt, 1993; McKenzie et al, 1991; Rubin, 1990) . The striking morbidity and mortality often associated with these infections necessitates the development of effective treatments which are not further detrimental to the host. Although a number of compounds inhibit HCMV replication in vitro, only the acyclic nucleoside ganciclovir (Faulds & Heel, 1990 ) and the pyrophosphate analog foscarnet (Palestine et al, 1991) are currently approved by the U.S. Food and Drug Administration to treat HCMV infections. Both drugs, however, have poor oral bioavailability. The use of ganciclovir can lead to granulocytopenia, anaemia, leucopenia and thrombocytopenia (Von Bueltzingsloewen et al, 1993; Appelbaum et al, 1988; Scadden et al, 1994) ; therapy with foscarnet may produce renal dysfunction (Chrisp & Clissold, 1991) . Moreover, virus strains resistant to each of these drugs have been identified (Knox et al, 1991; Drew, 1991; Field & Biron, 1994) .
Consequently there remains a need for the development of more efficacious and less toxic agents to treat HCMV infections.
Recently we have shown that a novel class of benzimidazole ribonucleosides selectively inhibits HCMV replication in vitro with antiviral activity well separated from cytotoxicity in uninfected human cells (Fig 1) . The mechanism by which these agents inhibit HCMV replication appears to be unique, interfering with a late stage of viral assembly (Drach et al, 1992) which does not involve inhibition of DNA synthesis (Drach et al, 1992; Underwood et al, 1993) but does involve inhibition of DNA processing (Underwood et al, 1993 (Underwood et al, , 1994 .
Other antiviral agents with activity against HCMV or HIV exhibit significant marrow toxicity. Consequently identifying the effects of benzimidazole ribonucleosides on bone marrow progenitors is an integral component of moving these agents toward clinical trial and obtaining a better understanding of their specificity. We report herein the in vitro effects of four benzimidazole nucleosides on colony formation by human haemopoietic erythroid and granulocyte/macrophageprogenitors. We also evaluated the effects of the most promising compound on the stimulated proliferation of heterogenous bone marrow mononuclear cells and compared all of these effects to those produced by ganciclovir, the antiviral drug most frequently used to treat HCMV infections.
METHODS
Investigational compounds and stock solutions. 2,5,6-Trichloro-1-(¯-D-ribofuranosyl)benzimidazole (TCRB), its 2-Br analog (BDCRB) and the 5 0 -deoxy analog of TCRB (5 0 -dTCRB) were synthesized in the laboratories of Professor L. B. Townsend at the University of Michigan as described elsewhere Drach et al, 1995) . The 2-unsubstituted analog of TCRB, originally described by Tamm et al (1954) Proliferation of bone marrow cells in liquid culture. Proliferative response of non-adherent bone marrow mononuclear cells to BDCRB or ganciclovir was evaluated in liquid suspension culture. Bone marrow cells were recovered as described above and resuspended in Dexter medium supplemented with 2 units/ml erythropoietin, 20 ng/ml GM-CSF and 10 ng/ml IL-3 in 24-well tissue culture plates (Falcon, Becton-Dickinson, N.J.) at a final density of 1 2 10 5 cells/ml. After 24 h, BDCRB, ganciclovir or vehicle were added directly to give noted final concentrations. After 10 d, the absolute cell number and percent viability were determined by manual haemocytometer counting of a minimum of 200 cells in PBS containing 0 . 4% trypan blue.
Methylcellulose assay. Bone marrow cells were washed three times in PBS following the overnight incubation. Aliquots of 5 2 10 4 non-adherent low-density mononuclear cells were plated in 1 ml methylcellulose (Methocult H4330, StemCell Technologies Inc., Vancouver, B.C.) supplemented with 2 units/ml erythropoietin (StemCell Tech Inc.), 20 ng/ml GM-CSF and 10 ng/ml IL-3 (Life Technologies) using triplicate-grided 35 mm dishes (Nunc, Naperville, Ill.). Plates were incubated for 2 weeks under fully humidified conditions in an atmosphere of 5% CO 2 and 5% O 2 at 378C. Where indicated, selected concentrations from 1 to 100 M of a benzimidazole nucleoside or ganciclovir, or vehicle, were directly incorporated into the methylcellulose. Colonies of >50 cells were scored at 10-or 20-fold magnification with a darkfield or other stereomicroscope (Nikon, Garden City, N.Y.) for burst forming units-erythroid (BFU-E), or colony forming units-granulocyte/macrophage (CFU-GM).
Analysis of drug effects. Dose-response relationships were used to compare drug effects. These were constructed by linearly regressing the probit of percent inhibition of the parameters derived in the preceding sections against log drug concentrations. 50% inhibitory concentrations (IC 50 s) Abbreviations: 2-bromo-5,6-dichloro-1-(¯-D-ribofuranosyl)benzimidazole, BDCRB; the 2-chloro analog, TCRB; the 2-unsubstituted analog, DRB (Tamm et al, 1954) , and the 5 0 -deoxy analog of TCRB, 5 0 -dTCRB. and corresponding confidence intervals were calculated from the regression lines by the method described by Goldstein (1964) . Statistical significance shown in the figures was determined by ANOVA.
RESULTS

Effects of BDCRB and ganciclovir on the proliferation and viability of bone marrow cells in liquid culture
In an initial study to determine the toxicity of BDCRB to bone marrow cells, we compared the effects of BDCRB and ganciclovir on the in vitro proliferation and viability of a mixed population of non-adherent bone marrow cells from healthy adult volunteers over a 10 d period. During this time, the number of cells in untreated cultures increased 1 . 5-fold (1 2 10 5 to 1 . 5 2 10 5 6 3 . 8 2 10 3 cell/ml in triplicate assays). In the presence of BDCRB, cell proliferation was significantly inhibited only at 100 M (see Fig 2) . In contrast, ganciclovir inhibited cell proliferation over the entire dose range tested (10-100 M). It also was significantly more inhibitory than BDCRB at all concentrations (Fig 2) . A 50% inhibitory concentration (IC 50 ) was not reached for BDCRB compared to 71 M for ganciclovir. As a measure of whether or not the observed effects of BDCRB and ganciclovir on bone marrow cell proliferation were due to inhibition of proliferation or overt toxicity, trypan blue dye exclusion assays were performed at the end of the 10 d assay. Similar to the results described above, viability of the cells treated with concentrations of BDCRB up to 32 (Table I) , its antiviral dose range is 
0
-dTCRB are presented with 95% confidence intervals calculated from five-point dose-response curves because data are from single experiments.
† Data obtained from HCMV plaque reduction assays in human foreskin fibroblasts (HFF cells); cytotoxicity determined by visual inspection of HFF cells not infected by the virus in plaque assay. All data are means of replicate experiments as presented previously in Townsend et al (1995) and Drach et al (1995) .
‡ 50% inhibitory concentration much higher than could be extrapolated from dose-response curves with 100 M as highest concentration.
§ Large standard deviation because an IC 50 extrapolated by linear regression from one dose-response curve (data from the donor shown in Fig 4) was much greater than 100
M, the highest concentration tested. Without data from this experiment the value would be 83 6 16.
well separated from concentrations which inhibited bone marrow cell proliferation and viability.
Effects of benzimidazoles and ganciclovir on the formation of erythroid colonies (BFU-E)
To further determine whether haemopoietic toxicity is a significant feature of the benzimidazole ribonucleosides, we evaluated the effects of BDCRB and the three analogs on BFU-E and compared the results to those obtained with ganciclovir. For these studies, non-adherent low-density mononuclear cells were plated directly into methylcellulose containing growth factors and test compound in selected concentrations ranging from 1 to 100 M. Over this concentration range, BDCRB had a minimal effect on BFU-E formation (Fig 3) . At a concentration as high as 100 M, which is 10-fold higher than that required to produce a 10 000-fold reduction in virus titre , there was 32 6 8% inhibition of erythroid colony formation in three experiments. In contrast, ganciclovir decreased BFU-E formation by 84 6 6% at this concentration in four experiments. Furthermore, those colonies that did form at intermediate concentrations of ganciclovir were of smaller size. Data from this experiment and the replicate experiments were combined to calculate IC 50 s (Table I ). These data confirm there were marked differences in the effect of BDCRB and ganciclovir on erythroid progenitors.
In a similar manner, the effects of TCRB, DRB, and 5 0 -dTCRB on BFU-E were examined. TCRB -which is less potent against HCMV -was more toxic to erythroid progenitor cells (IC 50 = 48 M, Table I ) than was BDCRB. The compound with the most potent activity against HCMV, 5 0 -dTCRB, was about 4-fold more toxic than TCRB to erythroid progenitor cells (IC 50 = 13 M) but was 8-fold more active against HCMV. The 2-unsubstituted analog DRB was the most toxic to erythroid precursors and also had the least activity against HCMV. Thus there was no correlation between the structure-activity relationship for potency against the virus and that for toxicity to erythroid progenitors.
Effects of benzimidazoles and ganciclovir on the formation of granulocyte/macrophage colonies (CFU-GM)
In as much as neutropenia is often a primary negative consequence of ganciclovir therapy, we also determined effects of the compounds on granulocyte/macrophage precursors. Similar to BFU-E development, BDCRB was significantly less inhibitory for CFU-GM development compared to ganciclovir (Fig 4) . Little difference in the inhibition of colony formation was noted between 10 and 32 M of BDCRB. At 100 M, a concentration 100-fold above the level at which BDCRB is active in the plaque assay (Table I) , there was a 47 6 9% reduction in G/M colonies in three separate experiments. In contrast, ganciclovir was significantly more toxic to G/M colony formation than BDCRB, resulting in reductions in the development of CFU-GM of 86 6 9% at 100 M. Similar differences were observed in IC 50 values calculated from all points on the dose-response curves (Table  I) .
The effects of TCRB, DRB and 5
0
-dTCRB on CFU-GM also were examined. Data from separate experiments showed that, like the results with erythroid precursors, TCRB was more toxic to granulocyte/macrophage progenitor cells (IC 50 = 62 M) than was BDCRB (Table I) progenitor cells. In this assay as well as in the BFU-E assay, DRB was the most toxic compound (Table I) . Taken together, these in vitro data suggest that BDCRB is significantly less toxic to human bone marrow cells compared to ganciclovir and the other benzimidazole nucleosides. The relatively low toxicity of BDCRB to human bone marrow cells, together with its potent antiviral activity, make this novel compound an excellent candidate for more detailed study as a potential drug to treat human CMV infections.
DISCUSSION
Benzimidazole ribonucleosides are a novel class of compounds with the potential to be developed as drugs for human CMV infections. At present, the use of ganciclovir to treat HCMV infections and certain other antiviral agents to treat other infections produces significant bone marrow toxicity. Therefore it is important to identify new agents which exhibit minimal effects on the bone marrow while limiting virus replication. This is particularly true for individuals with pre-existing immunocompromised states which may be due to viral infections such as individuals with AIDS (Castella et al, 1985; Treacy et al, 1987; Perkocha & Rodgers, 1988) . As a model of bone marrow suppression and to evaluate the potential safety of this class of HCMV inhibitors for human use, we compared the effect of selected benzimidazole nucleosides to ganciclovir on haemopoietic progenitor cells in vitro.
The results of this investigation have established that BDCRB is significantly less inhibitory for the formation of human bone marrow erythroid and granulocyte-macrophage colonies than is ganciclovir. Although a decrease in colony formation was noted with 100 M BDCRB (Figs 3 and 4) , this concentration is 10-fold greater than that needed to give at least a 10 000-fold reduction in HCMV titre . In contrast, ganciclovir at 100 M decreased colony formation by approximately 85% for BFU-E and CFU-GM (Figs 3 and 4) . It is of interest to compare the effects of the drug concentrations used in this in vitro study to drug concentrations observed in vivo. When BDCRB was administered intravenously to mice or monkeys at 10 mg/kg, plasma levels ranged from 3 to 5 M 1 h post dose (Good et al, 1994) . These concentrations are well within the in vitro antiviral dose range but below levels we now have found to inhibit bone marrow progenitors. When ganciclovir was administered intravenously to people at 5 mg/kg, plasma levels of approximately 35
M were obtained at 1 h (Roche Laboratories, 1996; Fletcher et al, 1986) . This also is within its antiviral dose range but is a concentration sufficient to inhibit bone marrow progenitors.
Despite the fact that inhibition by BDCRB was weak, the data (Results section and Table I) suggest that there was a greater effect on granulocyte/macrophage precursors than on erythroid precursors. Depending on the donor, the IC 50 s for BFU-E were well in excess of 100 M, which was the highest concentration tested. Extrapolation of the dose-response lines by linear regression projected IC 50 s of 400-1400 M. Although these values probably over-estimate true values, they are significantly higher than the IC 50 s for CFU-GM formation which ranged from 67 to 472 M. In contrast, minor differences were noted for effects of ganciclovir on the two lines of precursor cells (IC 50 s for BFU-E and CFU-GM ranged from 14 to 28 M and from 4 to 34 M, respectively, for separate donors). These IC 50 s for ganciclovir are higher than those reported in some other studies. For example, Scadden et al (1994) reported IC 50 s of 0 . 8 and 1 . 4 M, respectively, for BFU-E and CFU-GM, and Lewis et al (1994) reported IC 50 s of 4 . 6 and 12 . 3 M, respectively. We have no explanation for these differences other than to note that growth and assay conditions were different in each of the studies. Regardless, all of these in vitro findings are consistent with the neutropenia reported for ganciclovir in several clinical studies (Snoek et al, 1990; Winston et al, 1988; Buhles et al, 1988) . More significant differences in effects were observed among the benzimidazole nucleosides than between BDCRB and ganciclovir. The observation that TCRB was somewhat more toxic than BDCRB is opposite to their effects on HCMV replication where BDCRB is the more potent compound. It also is different from visual cytotoxicity produced by the two compounds in stationary HFF cells (Table I ). In addition, the apparent lesser effect of BDCRB on erythroid precursors is different from the other benzimidazoles. TCRB, 5 0 -dTCRB and DRB all had more potent effects on erythroid precursors than on granulocyte/macrophage precursors ( Table I ). The most striking difference among the benzimidazoles is the greater toxicity of DRB compared to its analogs. Together with our prior results , these data establish that changes in the molecule profoundly affect not only activity against HCMV but also marrow toxicity. Comparing results for BDCRB and DRB establishes that the addition of a bromine atom to the 2-position of DRB (to give BDCRB) not only increased antiviral activity by over 50-fold, it also decreased marrow toxicity by approximately 20-fold. Such great differences in antiviral activity and cytotoxicity for such closely related molecules virtually proves that different biochemical targets are being affected in HCMV-infected cells compared to human bone marrow progenitors.
We have not directly examined the effects of BDCRB on the bone marrow microenvironment, including the capacity of bone marrow stromal cells to support haemopoietic progenitors in long-term bone marrow cultures. These studies will be important in the future, because the pathogenesis of HCMV-induced myelosuppression is not clearly understood but probably is related to a direct toxic effect on bone marrow stromal cells. Evidence for the ability of HCMV to alter stromal cell competence in supporting haemopoiesis comes from investigations where CMV-infected stromal cells fail to sustain CFU-GM growth in vitro (Lagneaux et al, 1994) . Furthermore, when HCMV-infected stromal/haemopoietic cell cultures are supplemented with exogenous cytokines including G-CSF, GM-CSF, IL-3 and IL-6 the combination completely restored the CFU activity (Snoek et al, 1990) . These data strongly suggest that modulations in cytokine production by the stromal microenvironment results directly from HCMV infections. Therefore it will be of interest to determine the effect of benzimidazole nucleosides on the bone marrow microenvironment either at the level of stromal cell's ability to support haemopoiesis or at the level of the haemopoietic stem cells.
In summary, we have found that BDCRB is significantly less toxic in vitro to erythroid and granulocytic/macrophage progenitors than is the current drug of choice for HCMV infections, ganciclovir. Although BDCRB exhibited a slight inhibitory effect on proliferationof a mixed population of bone marrow cells, the effects were minimal relative to those produced by ganciclovir. The relatively low haemotoxicity of BDCRB, its minimal effects on haemopoiesis in vitro, together with its potent antiviral activity are excellent properties for a compound to have when it is intended for the control of human CMV infections.
